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Introduction
The second largest rise in atmospheric oxygen in Earth's history might have occurred during the Neoproterozoic Era or the Palaeozoic (e.g., Lyons et al., 2014; Sperling et al., 2015) . The Neoproterozoic is distinguished by dramatic palaeoenvironmental and biological changes, manifested in a pair of global glaciations, extreme fluctuations in δ 13 C values of seawater, and the emergence of macroscopic animals (Macdonald et al., 2010) . The ca. 810-800 Ma Bitter Springs Anomaly (BSA) is a long-lived negative excursion in seawater δ 13 C (Halverson et al., 2005) . The BSA is broadly coeval with a proposed eukaryotic diversification event, as well as an inferred rise in atmospheric O 2 (Fig. 1) (Planavsky et al., 2014; Cohen and Macdonald, 2015; Thomson et al., 2015; Cole et al., 2016; Turner and Bekker, 2016) . Consequently, understanding the change in ocean redox conditions during the BSA may provide important insights into the intertwined changes in the biosphere, atmospheric oxygen, and carbon cycle during this critical chapter in Earth history.
Bulk carbonate I/(Ca + Mg) is a local redox proxy that records upper ocean conditions where limestones and dolostones were formed. The thermodynamically stable forms of iodine in seawater are iodate (IO 3 -) and iodide (I -) (Wong, 1991) . Iodate is quantitatively converted to Iin low O 2 settings such as oxygen minimum zones (OMZs) (Rue et al., 1997) . Further, IO 3 is the only chemical form of iodine that is incorporated into the structure of carbonate minerals (Lu et al., 2010) , substituting for CO 3 2- (Podder et al., 2017) . Modern OMZs are characterised by low I/Ca (~0.5-2.5 μmol/mol) compared to that of the well-oxygenated waters (~5 μmol/mol) (Lu et al., 2016) . During Precambrian oxidation events in the relatively low pO 2 world ( Fig. 1 ), dolostones rarely have I/(Ca + Mg) values above 2 μmol/mol (Hardisty et al., 2017) .
Here we present new I/(Ca + Mg) data ( Fig. 1 ) from well-preserved carbonates of multiple outcrop sections in Svalbard and from a drill core in the Amundsen Basin of northwestern Canada (Supplementary Information and Fig. S-1) . A previous study through this interval (of the lower Svanbergfjellet Formation) demonstrated that the dolomitisation of these samples was early, and fabric retentive, and that no subsequent alteration has overprinted the geochemical signatures of these rocks (Halverson et al., 2007) .
Methods
For the I/(Ca + Mg) analyses, ~4 mg of fine powder for each sample were weighed out and then rinsed with de-ionised water. Nitric acid (3 %) was added for dissolution. Fresh iodine calibration standards were prepared from potassium iodate powder. To stabilise iodine, 0.1 % tertiary amine solution was used after carbonate dissolution, followed immediately by measurements on a quadrupole ICP-MS (Bruker M90) at Syracuse University. The sensitivity of iodine was tuned to ~80 kcps for a 1 ppb standard. The precision for 127 I is normally better than 1 %. The long term accuracy is checked by frequently repeated analysis of the reference material JCp-1 (Lu et al., 2010) . The detection limit of I/Ca is on the order of 0.1 μmol/ mol. Calcium and Mg concentrations were calibrated using a Merck multi-element standard and measured via ICP-MS.
Results
Excluding the samples from intervals with an oxygen rise suggested by other proxies, over 95 % of data (n = 250) from all previously published Proterozoic samples have I/(Ca + Mg) of < 0.5 μmol/mol, (Hardisty et al., 2017) . We therefore treat 0.5 μmol/mol as the baseline for I/(Ca + Mg) in Precambrian carbonates, marked by a dashed line in Figures 1 and 2. Values above this baseline are relatively high for the Proterozoic. The most prominent feature in our new dataset is a maximum in I/(Ca + Mg) reaching ~8 μmol/mol at the onset of the recovery phase of the BSA (Figs. 1 and 2). This peak greatly exceeds the maximum values found throughout the preceding Precambrian, including the Great Oxidation Event (GOE) at ca. 2. 3-2.4 Ga (~2 μmol/mol; Hardisty et al., 2014) , but is comparable to the highest values recorded during the Ediacaran (ca. 580 Ma) Shuram Excursion (Hardisty et al., 2017) . In the Tonian Akademikerbreen Group, Svalbard, all but two samples with I/(Ca + Mg) values above 0.5 μmol/mol occur in intervals showing a prominent rise δ 13 C (blue bars in Fig. 2a ). In drill core samples from the Wynniatt Formation (Shaler Supergroup) in the Amundsen Basin (Thomson et al., 2015) , the iodine signal drops to zero during the BSA interval in organic matter-rich samples that have δ 13 C values well below typical BSA values ( Fig. 2c ).
Discussion
Primary redox signal? Despite the potential for diagenetic resetting, the distinctively high I/(Ca + Mg) of the BSA in Svalbard compared to other Precambrian data is most likely a primary signal ( Fig. 1 ) based on the following considerations:
(1) A plot of I/(Ca + Mg) against Mg/Ca ( Fig. S-2 , with a value of 1 for a pure dolomite end member) shows that the highest BSA I/(Ca + Mg) values from Svalbard are concentrated in partially to fully dolomitised samples. This is opposite of a . Darker blue bar highlights the recovery phase of BSA with a major increase in δ 13 C. The decrease in δ 13 C that defines the base of the BSA is indicated with a brown bar, and data from Svalbard and the Amundsen Basin are lined up accordingly. Note the axis for I/(Ca + Mg) is broken at 1.50 to better illustrate stratigraphic trends below 2 μmol/mol. Green boxes show the timing of increases in O 2 levels as stratigraphically correlated to the Svalbard section. Gypsum evaporite deposits are from Turner and Bekker (2016). δ 53 Cr signature is from Planavsky et al. (2014) . BSD stands for bacterial sulphur disproportionation, as recorded in multiple sulphur isotope data (Kunzmann et al., 2017) .
trend observed in a comprehensive study of Neogene-Quaternary carbonates, which demonstrated that diagenesis, and most prominently dolomitisation, typically decreases the primary I/(Ca + Mg) signal (Hardisty et al., 2017) . Therefore, the I/(Ca + Mg) values that peak well above the baseline (Fig.  2 ) might have been higher initially prior to iodine loss during dolomitisation, i.e. the observed peak can be regarded as a minimum estimate of the changes in local seawater iodate level.
(2) In contrast to Svalbard, the BSA in the Amundsen Basin is associated with organic-rich carbonates marked by δ 13 C carb values (< -10 ‰) well below typical values for the BSA. These data suggest a large authigenic carbonate component (Thomson et al., 2015) . Authigenic carbonate in organic-rich sediments form in anoxic porewaters where Iis the only iodine species and is excluded from the carbonate mineral lattice (Lu et al., 2010) . Hence, it is unsurprising that these Amundsen Basin samples yielded no detectable iodine (Fig.  2b) . These Amundsen data confirm again (Hardisty et al., 2017) that mixing authigenic carbonates into primary carbonates cannot cause a false positive in I/Ca values. The high I/(Ca + Mg) values in Svalbard samples, if associated with any authigenic components, should have had a primary signal higher than currently observed.
(3) Studies of recent carbonates from Bahamas (Clino) and the Pleistocene Key Largo limestone have found that carbonate recrystallisation during subaerial exposure and associated diagenesis in meteoric waters are most likely to reduce iodine in carbonates because iodine concentrations in fresh water are orders of magnitude lower than those in seawater (Hardisty et al., 2017) . Meteoric diagenesis during subaerial exposure also cannot explain the iodine spike observed for the BSA in Svalbard.
(4) The I/Ca spike is unlikely to be explained by shoaling of carbonate deposition (e.g., near exposure surfaces) while maintaining the shallow oxycline conditions that typified most of parts of the Proterozoic. Firstly, all the Svalbard samples were preserved already at shallow depth (Halverson et al., 2007) . Secondly, the high I/(Ca + Mg) values are only associated with the upper subaerial exposure surface but not at the lower one ( Fig. 2a ). Finally, in the modern ocean, sea surface iodate concentrations are relatively low above a shallow OMZs (even at modern pO 2 level), resulting in I/Ca ratios below ~2.5 μmol/mol (Lu et al., 2016)-which stand in stark contrast to the observed very high BSA values of up to ~8 μmol/mol. Therefore, some fundamental redox reorganisation is likely required to account for the observed I/(Ca + Mg) spike during the BSA recovery.
Iodide oxidation during the BSA recovery. I/(Ca + Mg) ratios above 4 μmol/mol found in this study (Fig. 1 ) reach a range characteristic of Cenozoic and Mesozoic carbonate iodine records (Zhou et al., 2015) . We interpret these high I/ (Ca + Mg) values during the BSA to reflect the oxidation of iodide in the upper ocean. Modern carbonate fossils show very low ratios of ~0.5 μmol/mol directly above strong and shallow OMZs, and >5 μmol/mol at well-oxygenated locations, indicating that I/Ca is a sensitive local to regional proxy for subsurface O 2 -depletion and for the depth of oxycline in the water column (Lu et al., 2016) . Even though I/(Ca + Mg) is not a direct measure of atmospheric oxygen levels, the existing Precambrian I/(Ca + Mg) data show a response in the upper ocean to several possible oxygenation events identified based on other redox proxies (Fig. 1) . This response is predicted because atmospheric pO 2 is one of the major controls on oxycline depth. I/(Ca + Mg) first rose to ~2 μmol/mol during the ca. 2.2-2.0 Ga Lomagundi Event following the GOE (Hardisty et al., 2014) . Relatively high values are also available from ca. 1.4 Ga carbonates in North China and the middle Ediacaran Shuram excursion (SE) (Hardisty et al., 2017) . Although carbon cycle dynamics and the primary controls on oxygenation were likely different during these three events, the increase in I/(Ca + Mg) that is common to all of them cannot be explained by diagenesis and likely reflects elevated oxygen levels. In this context, our I/(Ca + Mg) values up to ~8 μmol/mol during the BSA recovery are evidence for a remarkable increase in iodate concentrations in the surface waters of a carbonate platform. The BSA I/(Ca + Mg) peak is most likely due to deepening of the oxycline and concomitant oxidation of iodide.
The I/(Ca + Mg) data suggest that the oxycline began to deepen slightly before the initial rise of δ 13 C marking the onset of recovery from the BSA (darker blue bar in Fig. 2a) . Similarly, there is evidence for shifting marine redox immediately prior to the positive δ 13 C excursion due to global carbon burial defining the onset of Mesozoic Oceanic Anoxic Event 2 (Zhou et al., 2015; Ostrander et al., 2017; Owens et al., 2017) . Regardless of such an offset in timing, the I/(Ca + Mg) spike is tied stratigraphically most closely to the 8-10 ‰ increase in δ 13 C-rather than the 8 ‰ decrease in δ 13 C that marks the initial phase of the BSA. More generally, carbonates with I/ (Ca + Mg) above the Precambrian baseline (0.5 μmol/mol) are mostly restricted to intervals with rising δ 13 C values in the Akademikerbren Group (Fig. 2a, light blue bars) . These observations imply that iodide oxidation events occurred repeatedly during the middle Neoproterozoic and were coupled to both the carbon cycle and upper ocean redox.
Broader landscape of Neoproterozoic oxygenation.
There is independent evidence that our observed elevated I/(Ca + Mg) values record a significant transition to more oxidising conditions ( Fig. 2a ). Thick gypsum deposits occur just below the BSA interval in early Neoproterozoic basins on at least three cratons, following a prolonged interval of sparse gypsum evaporite deposition (Turner and Bekker, 2016) . This sharp increase in gypsum deposition is interpreted to reflect a build-up of marine sulphate levels due to an increase in oxidative weathering of the continents or a decrease in pyrite burial prior to the BSA-both of which are consistent with higher atmospheric oxygen levels. Chromium isotope (δ 53 Cr) data from ironstones and shales suggest very low atmospheric O 2 throughout the mid-Proterozoic up to ca. 0.8 Ga (Planavsky et al., 2014; Cole et al., 2016) . Based on carbon isotope chemostratigraphy, the increase in δ 53 Cr was initiated prior to the onset of the BSA and hence precedes the I/(Ca + Mg) peak in the Akademikerbreen Group in Svalbard. Furthermore, multiple sulphur isotope data delineate signatures of bacterial sulphur disproportionation in the middle Neoproterozoic, suggesting at least local oxidative sulphur cycling prior to more widespread oxidative cycling beginning in the early Ediacaran Period (Kunzmann et al., 2017) . Each of these redox indicators reflects different processes, controls, and challenges, yet they consistently imply oxygenation in the atmosphere-ocean system at approximately 800 Ma.
Following the BSA, I/(Ca + Mg) values in the Akademikerbreen Group returned to levels mostly below the Proterozoic baseline. Similar trends are recorded for the other Precambrian events marked by elevated I/(Ca + Mg) (Hardisty et al., 2017) , suggesting a pattern of dynamic behaviour, with long term deepening of the oxycline occurring much later in Earth history. Such a pattern of episodic (transient) Neoproterozoic oxygenation is also observed in other proxy records such as S, Mo, and Fe (Dahl et al., 2010; Sperling et al., 2015; Kunzmann et al., 2017) . This relationship implies a fundamental instability in oxygen levels that may have extended into, and through, the Ediacaran and perhaps into the Palaeozoic (Sperling et al., 2015; Sahoo et al., 2016) . The details of this behaviour and its possible implications for the life emerging remain targets for future research. 
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The BSA and Sample Materials
The BSA anomaly has been documented in basins on multiple cratons, and radiometric age constraints from northwestern Canada (Macdonald et al., 2010) and Ethiopia (Swanson-Hysell et al., 2015) , along with Sr isotope data, indicate that it records a global and long-lived perturbation to seawater that began ca. 810 Ma. In Svalbard, where it is documented in the greatest detail (Halverson et al., 2007) , the BSA is defined at the base by a negative 8 ‰ shift in δ 13 C that spans a minor subaerial unconformity in the middle Grusdievbreen Formation. Low δ 13 C values (-4 to 0 ‰) persist for ~300 m of section deposited over 5-10 Myr (Swanson-Hysell et al., 2015) , and a shift back to high δ 13 C (>5 ‰) occurs in a transgressive systems tract above a second subaerial unconformity within the lower Svanbergfjellet Formation.
δ 13 C data presented here are from four formations in the Akademikerbreen Group, spanning the BSA: the Grusdievbreen, Svanbergfjellet, Draken, and Backlundtoppen formations. We plot the data as a single composite section, constructed by correlating individual partial sections, using well defined formation and member boundaries that can be easily identified across the outcrop belt (Knoll and Swett, 1990; Halverson et al., 2005) . Most of the carbon isotope data shown in Figure 2 were previously published (Halverson et al., 2005 (Halverson et al., , 2007 ; however, some new data from previously studied stratigraphic sections are included. The new data were acquired on sample powders in the McGill Stable Isotope Laboratory on a Nu Instruments Perspective dual inlet mass spectrometer, coupled to a NuCarb automated carbonate preparation device. The reproducibility of standards was typically better than 0.1 ‰.
Dolomitisation
Figure S-2 I/(Ca + Mg) vs. Mg/Ca. Blue data points for multiple Neogene diagenetic scenarios (Hardisty et al., 2017) . White circles for Proterozoic carbonates (Hardisty et al., 2017) . Yellow points are from this study. Table   Table S -1 is available for download as an Excel file at http:// www.geochemicalperspectivesletters.org/article1746. 
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